(Transmission) electron microscopy (S(T)EM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), energy Dispersive X-Ray Spectroscopy (EDX), dynamic light scatterning (DLS), and ultraviolet-visible spectroscopy (UV-Vis) were used to characterize the Fe@Au NPs.
These NPs were subsequently functionalized with O-[2-(3-Mercaptopropionylamino)ethyl]-O′-methylpolyethylene glycol (PEG-SH) molecules which have been used at various concentrations for in vitro labeling of two different cell types which are promising candidates for regenerative therapy of the central nervous system: [29, 30] olfactory ensheathing cells (OECs) and human neural stem cells (hNSCs). These two cell types differed in terms of uptake and localization of the Fe@Au NPs post-labelling, while no cytotoxic effects were observed irrespective of label concentration or length of co-incubation with the NPs. The magnetic properties of Fe, Fe@Au, and PEGylated Fe@Au NPs were measured by Quantum Design MPMS system indicating supermagnetic behavior.Thus, Fe@Au NPs were found to be have low cytotoxicity, aptly suited for a wide array of applications including bioimaging, drug delivery and other biodiagnostic and/or biomedical applications.
Materials and Methods
Iron pentacarbonyl (Fe(CO)5, 99.99% ), octadecene (ODE, 90% ), oleylamine (OAm, 70%), chloroauric acid (99.999%), sodium citrate, O-[2-(3-Mercaptopropionylamino)ethyl]-O′-methylpolyethylene glycol (PEG-SH) of molecular weight 5000 Da were purchased from Sigma Aldrich.
Synthesis of Fe NPs
Fe NPs were synthesized via thermal decomposition of Fe(CO)5 in ODE in the presence of OAm. The reaction scheme modified from the one reported by Sun et al [31] is detailed herein.
In essence, a mixture of ODE (50 mL) and OAm (740 µL) was degassed under Ar atmosphere and vigorous stirring at 120⁰C for 30 min. The temperature was raised to 180⁰C and 1.8 mL of Fe(CO)5 was injected into the hot reaction mixture and the reaction was continued for 20 min.
After cooling down to room temperature, the supernatant was decanted and the magnetic bar coated with Fe NPs was washed with 20 mL hexane and 40 mL acetone. Fe NPs were magnetically separated, and the product was washed two times with 20 mL acetone.
Subsequently, these Fe NPs were dried in a stream of nitrogen.
Synthesis of Fe@Au NPs
The schematic protocol for Fe@Au NPs synthesis is illustrated in Figure 1 . 5 mg of the as synthesized Fe NPs were dissolved in 10 mL of 10 mM sodium citrate solution using sonication at 80⁰C for half an hour. Citrate stabilized Fe seed solution (brown solution) was added to a 50 ml reaction flask and the resultant solution was maintained to 70⁰C under mild stirring. 10 mL of 1.5 mM Chloroauric acid (the concentration of the gold precursor was optimized by performing experiments at concentrations both below and above this experimental value) was added dropwise and allowed to react for 20 min under vigorous stirring. The solution turned purplish red around 8 minutes after reaction. Thereafter, the solution was cooled down to room temperature, and Fe@Au NPs were magnetically separated to remove free Au NPs. A video of the synthesis protocol showing the colour change during the course of the reaction and influence of the magnet on the final product can be found in the supporting information.
PEG Coating of Fe@Au NPs
2 mg of PEG-SH was mixed with 5 mg of the as synthesized Fe@Au NPs dissolved in 5 mL of MQ water and stirred for 1 hour to covalently modify the surface of the NPs. [32] The resulting PEG coated Fe@Au NPs were collected by centrifugation at 10000rpm for 20 mins and washed twice with MQ water. These NPs were stored at concentrations of 1 mg/mL at 4°C to prevent further aggregation.
Cell studies
Two different cell types were used for the cell studies, namely OECs and hNSCs. OECs were purified from neonatal Fischer rats at P8 according to Barnett and Roskams. [33] Purified OECs were cultured in Dulbecco's Modified Eagle's Medium (DMEM GlutaMAX) with 1.25% gentamicin and 5% FBS (Autogen Bioclear) on poly-L-lysine-(PLL) coated multi-well plates (Corning). The cultures were supplemented with 500ng/ml fibroblast growth factor 2 (FGF2) (Peprotech, London, UK), 50ng/ml heregulin (hrgβ1) (R&D Systems Europe Ltd, Abingdon, UK), and 10 -6 M forskolin.
Undifferentiated H9-derived, hNSCs (Gibco, Invitrogen) were cultured on laminin-coated multiwell plates (Corning) in StemPro NSC serum-free medium (Gibco, Invitrogen) containing 20ng/ml basic recombinant human fibroblast growth factor (bFGF) (Gibco, Invitrogen) and 20ng/ml recombinant human epidermal growth factor (EGF) (Gibco, Invitrogen).
Cell labelling with Fe@Au NPs
PEG coated Fe@Au NPs were added to 50% confluent OEC and hNSC cultures at concentrations of nanoparticles/media volume of 1 μg/mL, 100μg/mL, 1mg/ml and incubated for 6h, 12h, and 24h at 37°C with 7% CO2 and 5% CO2, respectively. S(T)EM images and EDX analyses were acquired using a Hitachi S-5500 electron microscope operating at 30kV accelerating voltage. TEM images were obtained in bright field mode. TEM grids were prepared by placing several drops of the solution on a Formvar carbon coated copper grid (Electron Microscopy Sciences) and wiping immediately with Kimberly-Clark kimwipes to prevent further aggregation owing to evaporation at room temperature.
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Dynamic Light Scattering [DLS]and Zeta Potential Measurement
The size distribution and zeta potential of the NPs were were measured using a Malvern
Zetasizer Nano-ZS instrument, and the manufacturer's own software. The solvent used for the Fe NPs was n-Hexane while for the other NPs, MQ water was used.
Ultraviolet-Visible Spectroscopy [UV-Vis]
UV-Vis spectra were acquired with a UV-2401PC (Shimadzu) spectrophotometer. The spectra were collected over the spectral range from 200-800 nm.
Xray Photoelectron Spectroscopy (XPS)
XPS analyses were performed using a Kratos Axis Ultra DLD spectrometer (Kratos Analytical, UK), equipped with a monochromatized aluminum X-ray source (Al, hυ = 1486.6 eV) operating at 10 mA and 15 kV (150 W). A hybrid lens (electrostatic and magnetic) mode was employed along with an analysis area of approximately 300 µm X 700 µm. Survey spectra were collected over the range of 0-1100 eV binding energy with analyzer pass energy of 160 eV, and high resolution spectra of C 1s, O 1s, Fe 2p and Au 4f were obtained with an analyzer pass energy of 20 eV. XPS data were processed with Casa XPS software (Casa Software Ltd., UK).
X-Ray Diffraction (XRD)
XRD patterns were collected from Bruker AXS D8Focus with Cu Kα radiation (λ=1.5418 Å).
Samples for XRD measurement were prepared by depositing several drops of concentrated solution of NPs on a single crystalline silicon holder.
Magnetic Measurements
Zero-field-cooled (ZFC) and field-cooled (FC) magnetization versus temperature (M-T) and room temperature magnetization versus field (M-H) measurements were performed using a Quantum Design MPMS system.
Results and Discussion
The XPS studies were also conducted in order to examine the Au coating on Fe NPs, revealing the presence of Fe 2p before and both Fe 2p and Au 4f after Au coating (Figure 3(a,c) ). In addition, a high resolution XPS spectrum of Fe NPs shows three photoelectron peaks at ~711 eV and ~725 eV corresponding to binding energies of 2p3/2 and 2p1/2 of oxidized Fe (III), and ~707 eV assigned to zero-valent Fe ( Fig. 3(b) ). (Figure 4(c) ). In addition, an evolution of a second LSPR band above 600 nm with increasing gold precursor concentration is observed, which can be attributed to a change in the nanoparticle shape after gold coating. reported for bulk phase at room temperature (~218 emu/g). [40] It is well established that that the saturation magnetization of nanomaterials decreases (in comparison to the bulk) with decreasing particle size owing to existence of surface spin disorder or the magnetic dead layer. [41] Here it is important to note that the magnetization value in emu/g for the Fe@Au NPs does not represent the actual magnetic moment of the Fe core, but it is underestimated because of the weight of Au that contributes to the total mass of the sample that is used for the magnetic measurements. In increases the MRI contrast with the applied magnetic field due to the stronger interferences with the relaxation times of water which is the principal proton source in MRI signal. [42] Additionally, for applications that require particle manipulation by an external magnetic field at a distance, it is essential that the particle saturation magnetization is as high as possible. 
